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ABSTRACT The redundancy strategy enhances the reliability of applications, such as medical centers, ship-
board microgrids (MGs), and aircraft systems. This article proposes a redundancy-based dc MG integrating
two modules: a cascaded bidirectional Cuk converter (CBC) and a cascaded bidirectional boost converter
(CBB), each supported by battery energy storage systems (BESS), improving the reliability in case of module
failure. In addition, a boost converter integrates the fuel cell (FC) through the CBC dc-link, employing
a droop controller to regulate power production. In this context, the energy management system (EMS)
balances the state of charge (SoC) among BESS units using a fuzzy-based method, avoiding SoC-based
droop control and addressing nonlinearities in SoC equalization. The EMS also mitigates rapid transients due
to load maneuvers on the dc link by using BESS units, and reduces stress on the FC membranes. Considering
the CBB, the reliability of the BESS units is improved through battery-to-battery (B2B) equalization, enabled
by the fuzzy-based method able to provide current references, thereby increasing power sharing accuracy.
Therefore, the proposed solution performs improvement in the BESS equalization process, with redundancy
ensuring stable dc-link voltage even during faults. Finally, infinity norm and Lyapunov’s indirect method
confirm the MG stability, while lab-scale prototype demonstrates experimentally effectiveness.

INDEX TERMS Battery energy storage system (BESS), cascaded bidirectional boost (CBB), cascaded
bidirectional Cuk (CBC), fuzzy-based method, state-of-charge (SoC) equalization.

NOMENCLATURE MG  Microgrid.

o FC Fuel cell.
Abbreviations SoC  State of charge.
BESS Battery energy storage system. PV Photovoltaic.
CBC Cascaded bidirectional Cuk. PI Proportional-integral.
CBB Cascaded bidirectional boost. HIL  Hardware-in-the-loop.
EMS Energy management system. PWM Pulsewidth modulation.
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Battery terminal voltage [V].
Open-circuit voltage of the battery [V].
Battery current [A].

Battery internal resistance [€2].
Parameter modeling relaxation resistance [£2].
Parameter modeling relaxation capacitance [F].
SoC at time ¢ [%].

Initial SoC [%].

Nominal battery capacity [Ah].
Capacitance in Cukl [F].

Capacitance in Cuk2 [F].

DC-link capacitance in CBB [F].
DC-link capacitance [F].

Terminal voltage of BESS1 [V].
Terminal voltage of BESS2 [V].
Current of BESS1 [A].

Current of BESS2 [A].

Inductance current in Cukl1 [A].
Inductance current in Cukl1 [A].
Inductance current in Cuk2 [A].
Inductance current in Cuk2 [A].
Inductance current in CBB [A].
Inductance current in CBB [A].
Inductance in Cukl1 [H].

Inductance in Cukl1 [H].

Inductance in Cuk2 [H].

Inductance in Cuk2 [H].

Inductance in CBB [H].

Inductance in CBB [H].

Controlled switch Cukl.

Controlled switch Cuk?2.

Controlled switch in CBB.

Controlled switch in CBB.
Complementary switch for Sj.
Complementary switch for S5.
Complementary switch for S3.
Complementary switch for S4.

Main dc-link voltage [V].

DC load resistance [22].

DC load current [A].

DC load power [W].

Voltage on CBB dc-link [V].

Inductance parasitic resistances [€2].
Semiconductor parasitic resistances [£2].
Complementary semiconductor parasitic resis-
tances [£2].

Capacitance parasitic resistance [$2].
Capacitance parasitic resistance [£2].
Capacitance parasitic resistance [£2].
DC-link capacitance parasitic resistance [$2].
Semiconductor parasitic resistance [$2].
Voltage deviation from v, min [V].
Minimum allowed dc-link voltage [V].
Maximum voltage deviation in droop control [V].
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Voltage deviation on CBB dc-link [V].
Minimum voltage of CBB dc-link [V].

SoC of BESS1 [%].

SoC of BESS2 [%].

Fuzzy logic output for iz [p.u.].

Fuzzy logic output for iz 3 [p.u.].

Fuzzy logic output for iz s [p.u.].

Fuzzy logic output for iz [p.u.].

Current reference for iy [A].

Current reference for iz3 [A].

Current reference for iz s [A].

Current reference for izg [A].

Maximum scaling current for inductance refer-
ences [A].

Low-pass filter transfer function.

Time constant of low-pass filter [s].

Droop controller current command for FC [A].
Measured FC current [A].

Reference FC current after droop and filtering
[A].

Maximum FC current [A].

Virtual resistance in droop control [€2].
Representative dc-link voltage [V].

Minimum representative dc-link voltage [V].
Voltage deviation for the representative dc-link
[V].

Normalization gain for voltage deviation.
Generic Fuzzy-based current output [p.u.].
Center of Gaussian membership function.
Standard deviation of Gaussian membership
function.

Membership function output.

Membership function for SoC input.
Membership function for voltage deviation input.
Membership function for current output.

Output of low-pass filter in Laplace domain.
Output of low-pass filter in time domain.

State vector of the MG average model.

Input vector of the MG average model.

Output vector of the MG average model.

State matrix of the MG model.

Input matrix of the MG model.

Output matrix of the MG model.

Feedforward matrix of the MG model.

Transfer function matrix of the system.
Eigenvalues of the system.

Variation in SoC [%].

Variation in SoC influenced by CBC [%].
Variation in SoC influenced by CBB [%].

I. INTRODUCTION

The application of BESS units has been introduced in MGs
to enhance their operation [1], [2]. This includes providing
support during electrical fault, compensating fast transient,
and addressing the intermittency of renewable energy sources
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(RES) [3], [4]. In this context, it is essential to ensure the opti-
mal performance of BESS operations to improve its efficiency.
As a result, strategies for balancing the SoC among BESS
units are employed to prevent deep discharges, overcharges,
and to coordinate operations effectively to avoid damage to
the BESS units [5]. In addition, other approaches have been
proposed concerning state of health and battery degradation
factors to analyze the behavior and improve the BESS unit
operation [6]. Moreover, some EMS methods with other RES
have also been proposed to improve the reliability in MGs.

Aiming the SoC equalization methodology in an MG,
most of the solutions are designed considering the SoC-based
droop [7]. For instance, the SoC-based droop from [8] is asso-
ciated with a high-pass filter, while Xia et al. [9] implemented
droop control with the SoC modifying both the virtual resis-
tance and the rated dc-link voltage. In addition, Wu et al. [10]
employed an SoC balancing factor from the traditional droop
control method, while Su et al. [11] designed an SoC-based
droop to maintain dc-link voltage constant during the equal-
ization process. Furthermore, some approaches do not take
into account equalization based on droop. Nevertheless, they
have the capability to operate in an MG that also receives
power from other RES using droop controllers. For instance,
in [12], a sigmoid function is employed to balance the SoC in
the BESS units.

This approach offers the advantage of smoother and con-
tinuously differentiable functions. In a different solution, the
SoC equalization is established in [13] based on the reflected
Ampere-hour capacity from the BESS units. In addition, a
model predictive control strategy is proposed for SoC bal-
ancing in [14] and [15], ensuring compliance with SoC
constraints. However, the proposed method results in signif-
icant current oscillations, which can compromise sensitive
loads and potentially damage to the membranes if an FC is
included in the MG. Finally, Fagundes et al. [16] developed
a solution for the BESS units using fuzzy logic to ensure the
SoC equalization among them.

Taking into account the fuzzy logic for EMS, according
to [17], it is not influenced by the MG nonlinearities, con-
sequently, its complex mathematical model is not necessary.
As a result, there is no need to deal with the MG topology or
structure, resulting in simple rule-based linguistic structures
and easy implementation [18].

As indicated by [19], fuzzy logic is suitable for BESS
charging/discharging control. Considering some applications
of fuzzy in MGs, Kakigano et al. [20] employed a strategy
to regulate the dc voltage using a droop-based fuzzy strategy.
In [21], the BESS units achieve equalization through a fuzzy
inference system designed to define the virtual resistance for
droop control, while Diaz et al. [22] also defined the EMS for
BESS by using an SoC-based droop in which the weight factor
is modified by a fuzzy inference system.

As a consequence, the drawback lies in the implementation
of these strategies to evaluate the logic of the term obtained
by fuzzy, which weighs the droop-based technique. In addi-
tion, there are challenges in achieving stability analysis due

1118

to fuzzy and droop control not being continuously differen-
tiable. Moreover, according to [13] and [25], traditional droop
control may influence the deviation of power sharing among
converters if there is a small error in the measured current.
Consequently, this can impact the equalization of the BESS
units.

According to the SoC equalization review in [5], several
decentralized SoC-based droop methods are designed using
voltage-source configurations. However, in the approach pro-
posed here, fuzzy logic is implemented directly to generate
the current reference—i.e., it operates on a current-source
basis—using the SoC of the BESS unit and the dc-link voltage
as inputs, without relying on SoC-based droop control. This
straightforward implementation is well-suited for MG and
enhances power-sharing accuracy.

In general, most EMS strategies that include SoC balanc-
ing for BESS units are designed for architectures in which
bidirectional converters are connected to a common dc-link.
Nevertheless, Chen et al. [23] proposed an SoC equalization
method for a shipboard MG using a modular multilevel con-
verter. Furthermore, in [24], an SoC-based droop control is
applied within a modular multilevel converter architecture,
where a current-source approach is adopted to improve EMS
accuracy.

Redundancy has also been employed as a strategy to reduce
the impact of potential failures in power electronic converters
and to mitigate risks in applications such as electric vehicles,
shipboard systems, medical facilities, military operations, and
aircraft [26]. As indicated by [27], a modular dc—dc converter
is a redundant system that offers significant improvements in
reliability. In this context, although there are many approaches
that study fault-tolerant capabilities, there are not many appli-
cations regarding EMS, including the behavior of BESS units
in a system that maintains power flow even after a failure or
during maintenance. In addition, according to [28] and [29],
the enhancement of resilience is crucial for MG applications.

The redundancy-based dc—dc converter may show similari-
ties with a three-port dc—dc converter. However, the proposed
approach operates with two BESS units as inputs, while a
three-port converter is typically designed to integrate PV sys-
tems with a BESS unit [30]. Therefore, a three-port converter
is not suitable for equalizing the SoC among multiple BESS
units. In addition, as indicated by [31], redundant power con-
verters can provide power during unpredictable events, but
they are not designed to operate with multiple power sources
or perform SoC equalization. This underscores the importance
of designing a redundancy-based dc—dc converter capable of
balancing the SoC among BESS units, which can be incorpo-
rated into a dc MG.

To complement the discussion of the methodologies pre-
viously presented, Table 1 provides a comparative overview
of different SoC balancing approaches found in the litera-
ture. The comparison considers the adopted methodology, the
presence of fault-tolerant capability, and the topology of the
employed power converter. This table aims to summarize key
differences, particularly highlighting how SoC equalization
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TABLE 1. Comparison of SoC Balancing Methodologies Regarding Converter Topology and Fault-Tolerant Capability

References Methodology Fault-Tolerant Capability | Topology of Power Converter
[8] SoC-based droop No Conventional
9] SoC-based droop No Conventional
[10] SoC-based droop No Conventional
[11] SoC-based droop No Conventional
[13] Reflected Ampere-hour methodology No Conventional
[14] Model predictive control No Conventional
[15] Model predictive control No Conventional
[23] Dynamic SoC-based power sharing Yes Modular multilevel converter
[24] SoC-based droop Yes Modular multilevel converter
[12] Non-linear function No Conventional
[16] Fuzzy-based with a fixed range voltage reference No Conventional
This article | Fuzzy-based method without SoC-based droop Yes Redundancy-based

is addressed under various strategies, including conventional
SoC-droop control, model predictive control, nonlinear func-
tions, and fuzzy-based methods as well as, the proposed
approach is also included for direct comparison.

Thus, this article proposes a redundancy-based dc MG com-
posed of a CBC converter with two inputs where is connected
the BESS units. In addition, a CBB converter is introduced
as an auxiliary component also with two inputs sharing the
same BESS units. Finally, a boost converter interfaces the FC
with the main CBC dc-link. Regarding the CBC, it maintains
a stable voltage on the main dc-link by providing a contin-
uous current to the dc load. The FC operates with a droop
controller, while the BESS units receive a fuzzy-based EMS
for SoC balancing without SoC-based droop, as modified
from [16], which has a simple implementation suitable for
the redundancy-based dc MG. Moreover, the EMS at CBC is
also responsible for providing power in accordance with the
dc load demand, while the CBB operates with a battery-to-
battery (B2B) equalization.

While fuzzy logic has been previously employed in dc
MGs, most existing approaches are centered around SoC-
based droop control [5]. In contrast, the proposed method
operates in a fully decentralized and communication-free
manner, directly generating current references from SoC
and dc-link voltage deviation inputs without relying on vir-
tual resistances. In addition, the control is designed with a
redundancy-based topology, which enables both load com-
pensation and B2B equalization using shared BESS units.
This structure, combined with the ability to maintain stable
operation under fault conditions and the fuzzy-based strat-
egy, represents a contribution not previously addressed in the
literature.

Regarding the stability analysis, the complete redundancy-
based dc MG average model is calculated, considering the
EMS and fuzzy-based method. Then, an infinity norm Hy,
and the Lyapunov’s indirect method are addressed to evalu-
ate the stability. Since these approaches require continuously
differentiable functions, a Fourier series was used to fit the
fuzzy-based method, while the approximation of a droop
controller for the FC was achieved by applying a sigmoid
function.

Therefore, the main contributions of this article are
summarized as follows.
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1) Incorporating redundancy into the dc MG enhances its
reliability during unexpected events, such as a failure in
one of the modules.

2) The fuzzy-based method is an alternative for addressing
the nonlinearities related to SoC equalization and the
redundancy-based dc MG.

3) The fuzzy-based method incorporates a decentralized
approach, with no communication required among
BESS units or among the redundant modules in the dc
MG.

4) The fuzzy-based method without droop control is capa-
ble of charging or discharging the BESS units without
setting the current references as positive or negative, in
contrast to the methods indicated in [13] and [32].

5) Due to the fuzzy-based method being current source-
based and its performance being suitable for providing
a current reference, the power-sharing is accurate, and
B2B equalization is possible, in contrast to [21].

The rest of this article is organized as follows. Sec-
tion II presents BESS modeling and the estimation of SoC
method. In Section III, the proposed redundancy-based dc
MG is shown. Section IV presents the EMS with the
droop controller and fuzzy-based method. In sequence, the
proposed approach is proved by the stability analysis in
Section V. Section VI presents the experimental results of the
redundancy-based dc MG. Finally, Section VII concludes this
article.

Il. PRELIMINARIES

A. BESS MODELING

In this study, the BESS unit is modeled based on the first-order
equivalent circuit presented in [33]. The output voltage of the
BESS, denoted as vy, is expressed as

. . t
Vpat = OCV — ipaiFbar — fbacrbatl |:1 — exp (——ﬂ
Ibat1 Coatl 4

where OCV is the open-circuit voltage, iy, is the battery
current, ry, represents the internal resistance, and the term
Tbat1 Chat1 captures the relaxation behavior of the BESS over
time .
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FIGURE 1. Proposed redundancy-based DC-DC converter.

B. ESTIMATION OF SOC

According to [34], several methods for SoC estimation ex-
ist across different approaches. Among these, the Coulomb
counting method is the most commonly used, particularly
in studies focusing on SoC dynamics in MGs. This method
is also adopted in the present work and is expressed in the
following equation:

1
SoC(t) = SoC(ty) —
Cbat

t
/ ibat(fbat)dfbat (2)
fo

where SoC(z) represents the SoC at time 7, SoC(#y) is the
initial SoC at the reference time 1y, Cp,; denotes the nominal
capacity of the battery, and iy, (Tpat) is the battery current at
time Tpy,.

lil. REDUNDANCY-BASED DESIGNED FOR A DC MG

The proposed redundancy-based dc—dc converter is shown in
Fig. 1, where the CBB module integrates 2 bidirectional boost
converters using capacitance C3, while the CBC combines
Cukl1 and Cuk2 with the common output capacitance C,.

For Cukl, the terminal voltage and current are denoted as
Upat1 and ipye; for BESS1, while the currents iz and i;, flow
through inductances L; and L, and the capacitance C; is
receiving energy from BESSI1 to supply the main dc-link. In
this context, the controlled semiconductor is represented by
S1 with S| receiving the complementary PWM signals. In the
case of Cuk?2, the terminal voltage and current are vpap and
ipary for BESS2, while inductances L3 and L4 carry currents
ir3 and iy 4, respectively.

Similarly, the capacitance C, absorbs energy from BESS2
and delivers it also to the main dc-link. Considering the
controlled semiconductors, represented by S, and S5, the for-
mer receives the PWM signals, while the latter receives the
complementary PWM signals. In addition, the main dc-link
includes the common capacitance C,, the dc-link voltage iden-
tified by v, (the voltage sensor on the dc link provides the
absolute value in the HIL test-bed) and the equivalent dc load
R, is placed to obtain the output current i, and the dc power

Pioaq (expressed as %}2). Furthermore, the CBC (composed of
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Cuk converters) has the advantage of providing a continuous
output current, avoiding the pulsating current that could stress
sensitive loads in the main dc-link [35].

Regarding the CBB, current iz5 flows through Ls and i
through Lg, active semiconductors S3 and S3 are close to vpy1,
while S; and S are next to vy, with the PWM signals of S3
and S4 being complementary to S3 and Sy, respectively. In the
CBB, its dc link includes the common capacitance C3 and its
output voltage vc3.

Furthermore, Fig. 1 also includes the parasitic losses: for
the inductances, they are represented by ry 1, 12, 113, 14, L5,
r1e6; for the semiconductors, by rs1, 15y, rs2, r55, 's3, I'53, 'S4,
rsy, and rsge; as well as rcq, re2, re3, and re, for the capaci-
tances.

Finally, to improve the MG capability, a boost converter is
connected to the main dc-link from CBC, forming the com-
plete redundancy-based dc MG, as indicated in Fig. 2. Then,
the EMS for the complete topology is addressed in Section IV.

IV. DESIGN OF THE EMS

The secondary level, known as the EMS, plays a crucial role
in coordinating alternative sources within an MG by balanc-
ing the SoC of BESS units, stabilizing the dc-link voltage,
controlling power exchange among sources, and assessing the
operational limits of the MG [32], [36].

In this context, Fig. 2 indicates the redundancy topology
responsible for the SoC equalization through the CBC and
CBB units, while the FC is tied to a boost converter, which
links its output to the main dc-link on CBC, ensuring a stable
dc-link voltage v,, along with CBC. Furthermore, the fuzzy-
based method, designed for both CBC and CBB, can improve
the operational performance of the MG, even in the presence
of uncertain events or significant steps of load on the main
dc-link.

A. SYSTEM CONTROL

Aiming at CBC, Fuzzy 1 receives the Av, (defined as the
difference between the voltage on the main dc-link and the
minimum voltage v, min) and the SoC; as inputs to compute
iL1_fuzzy- Then, ip_fuzzy is processed through the current gain
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Droop and fuzzy-based method designed for the redundancy-based DC MG.

I1max and a term 2 — n,(s) to determine i) ror. At steady-state
regime, the low pass-filter n;(s) approaches to the unity. To
prove this, consider the transfer function in (3), with t being
the time constant

1

1+st

Assume the input to the filter is a unit step function, which
has a Laplace transform of % The output y(s) of the system is
given in the following equation:

3)

ng(s) =

1
s(14+s1)

To find the steady-state value of the output y(r) as t — oo,
it is applied the final value theorem in the following equation:

1
() =na(s)< = “)

lim y(t) = lim sy(s). 5)
t—00 s—0
Substituting y(s) from (4) into (5), it is obtained (6)
1 1
1 t)=lims—— = lim —— = 6
im y@) = s e ~ i e ©®)

Thus, the steady-state value of the output of the low-pass
filter for a unit step input is 1. In this context, a generic
current reference processed through a low-pass filter exhibits
a slower dynamic response during load variation, eventually
reaching steady state as the filter output approaches to the
unity. In contrast, the term 1 — n,(s) converges to zero, and
the expression 2 — ny(s) approaches 1, as expected.
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Consequently, a generic current reference associated with
the expression 2 — ny(s) exhibits a rapid response during load
variation, and then reaches steady state as the expression ap-
proaches 1. Thus, because of the expression 2 — ny(s), the
inductance currents that compose Cuk1 and Cuk?2 (iz1, a com-
ponent of iy, and iz3, a component of ip,p) will respond
quickly to compensate load transients on the dc link, alleviat-
ing the current stress on the FC, which is associated with the
low-pass filter ny(s). Therefore, the membrane of the FC is
preserved from damage due to abrupt load variations.

In this context, the BESS1 can suppress the transient during
load variation and continue to operate according to the fuzzy-
based method. Similarly, Av, and the SoC; are the inputs for
Fuzzy 2 to determine i3 _fuz,y. Subsequently, i3 fuzzy is pro-
cessed through the current gain I;max and the term 2 — ngy(s)
to define i3 rof. Furthermore, in the case of Fuzzy 3, it takes
as inputs Avcs (which is defined as the voltage difference
between vcz and the minimum voltage vc3 min) and SoCj
to calculate iy 5_fuzzy. Subsequently, ir5_fuzzy is also processed
through a current gain I7mayx to establish iz 5 rr. When it comes
to Fuzzy 4, i fuzzy is generated using Avcs and SoCs, and
subsequently, it is also processed through a current gain Iy max
to determine iz _rer. As the B2B equalization is designed for
the CBB, there is no need for a high-pass filter to compensate
load transients, as occurs for equalization on the CBC.

Later, the measured currents from the inductances (iz 1, ir3,
ir5, and iz¢) are compared with each current reference (i1 rer,
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i3 ref> iL5_ref> and irg rer) and are subsequently handled using
traditional PI controllers. As a result of the redundancy-based
dc MG, the reliability of the EMS is improved, maintaining
SoC equalization, even when one of the cascaded modules is
under failure or maintenance.

In the case of droop controller design for the FC, the main
dc-link voltage determines the current ige_droop, Which then
undergoes a current gain Iy and a low-pass filter n;(s)
to process if. ref, alleviating current dynamics during dc load
variations. In sequence, the PI controller processes the differ-
ence between the FC current i, and its reference if; ref.

Finally, the redundancy-based dc MG is coordinated by the
fuzzy-based method and droop controller without requiring
link communication, enabling the power flow from the FC and
BESS units.

B. DESIGNING OF THE DROOP CONTROL FOR THE FC

The power flow from the FC is processed by the droop con-
troller to maintain a stable voltage on the main dc-link within
the voltage range [V, min, Vo_min + AUy max], With Avy max
representing the maximum voltage that Av, can achieve.
Thus, the voltage v, defines the current ifc_groop for later
processing through I;.max gain and the low-pass filter ny (in
the time-domain) to define if._rr as indicated in the following
equation:

v Vo min + AV
ifcfref = Ifcmax <_ 2 + = omax) ng. (7)

A Vo_max A Vo_max

From (7), the gain If.pmax 1s the maximum current of the FC.
In addition, the slope of the droop controller is determined by
the virtual resistance defined as rgroop = AVo/Ifemax-

C. REDUNDANCY-BASED FUZZY-BASED METHOD

The fuzzy-based method without droop control, initially pro-
posed by [16], has been modified to match the voltage range
defined by the designer and does not require communication
between FC and BESS units. Furthermore, the adaptation
of the proposed approach can also be implemented for B2B
equalization within the redundant module CBB. In [16], the
fuzzy logic controller is designed for a specific dc-link voltage
range, whereas the proposed approach develops a fuzzy-based
method suitable for any voltage range and for a B2B equaliza-
tion strategy in the redundancy-based dc MG.

In this context, the fuzzy-based method incorporates the
SoC and dc-link voltage as inputs, without requiring droop
control for the BESS units, i.e., it is designed for the
redundancy-based dc MG as indicated in Fig. 2. In addition,
the proposed approach is suitable for systems with or without
adc load connected to the dc link. Consequently, the CBB can
operate with B2B equalization, while the power from the CBC
is determined according to the demand on the main dc-link,
taking into account the SoC of the BESS units.

1) TUNING OF THE FUZZY-BASED METHOD
The fuzzy-based method is designed based on the principle
that BESS units with higher SoC should supply more power
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FIGURE 3. Simplified DC MG used for tuning the fuzzy-based method.

TABLE 2. BESS Action According to SoC and Auvjini

SoC Avjing UL fuzzy
high (above 80%) low demand (1 p.u.) -0.4 to 0.0 pu
middle (around 50%) low demand (1 p.u.) -1.0 to -0.8 pu
low (below 30%) low demand (1 p.u.) -1.0 pu
high middle demand (0.5 p.u.) 0.9 to 1.0 pu
middle middle demand (0.5 p.u.) 0.0 pu
low middle demand (0.5 p.u.) | -1.0 to -0.9 pu
high high demand (0 p.u.) 1.0 pu
middle high demand (0 p.u.) 0.9 to 1.0 pu
low high demand (0 p.u.) 0.0 to 0.4 pu

than those with lower SoC, while also accounting for the
necessity of regulating the dc-link voltage. Conversely, dur-
ing the charging process, BESS units with lower SoC should
receive a higher charging current compared to fully charged
units, again considering the requirements of the dc-link
voltage.

To evaluate this concept, a simplified dc MG is considered,
as illustrated in Fig. 3. This model includes an additional
power source to allow testing scenarios in which both BESS
units are charging. In this configuration, the dc-link voltage
viink and the fuzzy control current iy_fy,,y (Which is equal to
the BESS current i, since no additional modules are present
in Fig. 3) are highlighted.

To understand the principle behind tuning the fuzzy-based
method, the SoC is assumed to vary from 0% to 100%, while
Ulink Operates within the range from vlink min tO Vlink _min +
Avjink. For normalization purposes, Avjink is expressed in per
unit (p.u.), ranging from 0 to 1 p.u. For instance, if the dc-link
voltage operates between 200 and 220 V, then Avjjpx = 20V,
resulting in a normalization gain of Ha, = 20. In this case,
a high-load condition corresponds to Avjx — 0, while a
lightly loaded system leads to Avjjpx — 1.

The current reference iy, fy,,y 18 also given in p.u., with —1
p-u. indicating the maximum charging current and +1 p.u.
indicating the maximum discharging current. If the nominal
BESS current is 5 A, this defines the gain I;ma. Working
in the per-unit system facilitates the implementation of the
fuzzy-based method across different MGs, each potentially
operating with distinct current and voltage ranges.

Therefore, Table 2 summarizes the main actions of the EMS
for a BESS unit, highlighting how it contributes to achieving
SoC equalization, which can also guide the tuning of the
fuzzy-based method. For example, BESS units that are almost
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fully charged (above 80% SoC) will supply 1 p.u. of current
when there is high demand on the dc link, whereas they
will supply between —0.4 and 0.0 p.u. of current under low
demand conditions. In addition, BESS units that are nearly
discharged (with SoC below 30%) will provide low current
(0.0 to 0.4 p.u.) during high dc-link demand and will be
charged with approximately —1 p.u. when demand on the dc
link is low.

Before the validation on experimental results, the fuzzy
controller membership functions are conducted through sim-
ulation on MATLAB/Simulink. The goal of this assessment
is to determine whether tuning is necessary for each member-
ship function to ensure an effective equalization process. In
this framework, the Gaussian function representation in (8) is
utilized, guided by the information presented in Fig. 4, where
o represents the standard deviation and ¢ denotes the mean,
indicating the position of the center

—(—c)?

n=e 207> . )

The design of the fuzzy-based method began with the def-
inition of equally spaced membership functions. Using the
baseline actions presented in Table 2, a corresponding rule set
was established. To evaluate the EMS strategy, simulations
were conducted on a simplified dc MG model (see Fig. 3),
where the BESS units were configured with constant SoC
values. This setup allowed for isolating and analyzing the
relationship between the dc-link voltage vy and the current
i, fuzzy (in p.u.) generated by the fuzzy-based method.

Fig. 5 outlines the complete tuning procedure. After defin-
ing the fuzzy rules, the behavior of BESS unit pairs was
evaluated under different fixed SoC conditions. Next, SoC
equalization was simulated using BESS units with intention-
ally reduced capacities to accelerate the dynamic response.
Finally, small adjustments were applied to the membership
functions based on the outcomes of diverse test scenarios.
Although the tuning procedure may seem exhaustive, the fol-
lowing features help streamline the process.

1) System symmetry: The control behavior for charging
and discharging is symmetric (i.e., the current if,_fy;zy
during discharging will exhibit similar behavior to
charging, except for the sign). BESS units operating
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Define equally spaced
membership functions

Develop Fuzzy-based rules
using Table 1 as a baseline

Perform simulations with two BESS
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microgrid, under load variation and
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the impact on the Fuzzy
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Verify whether equalization
was achieved

Is the equalization
achieved?

FIGURE 5. Flowchart of the fuzzy-based method procedure.

from 0% to 50% SoC reflect a directly opposite behav-
ior to those from 50% to 100%. Likewise, the dc-link
voltage interval A vy from O to 0.5 p.u. mirrors the be-
havior from 0.5 to 1 p.u., allowing mirrored membership
functions to be defined.

2) System closure: The system operates within closed and
bounded ranges—SoC from 0% to 100%, BESS current
from —1 to 1 p.u., and Avjjpk from O to 1 p.u. Operating
outside these limits indicates that the load demand ex-
ceeds the capability of the dc MG. In addition, the EMS
enforces saturation limits to ensure that all variables
remain within these predefined boundaries. In addition,
it is important to highlight that when the dc-link voltage
goes outside the specified range, the control system will
apply saturation based on the measured dc-link voltage.
Thus, when the dc-link voltage exceeds the maximum
limit, this maximum value will be used as the input to
the fuzzy-based method. In contrast, when the dc-link
voltage falls below the minimum limit, the minimum
value will be used as the input. As a result, the fuzzy-
based method can provide current reference that the
inductance can support.

2) CURRENT REFERENCES

Thus, after the tuning process of the fuzzy-based method,
the parameters o and ¢ for defining the membership function
Usoc is outlined in Table 3 and presented in the first graph
from Fig. 6. Initially, each Gaussian function is set to be
equally spaced, with a mean ¢ of 0% for “1,” 25% for “2,”
50% for “3,” 75% for “4,” and 100% for “5.” Subsequently,
the membership functions have their o empirically fine-tuned.
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TABLE 3. SoC Gaussian Membership

o (%) | 5|15 7 15 8
c(%) | 0| 25| 50 | 75 | 100

0 20 40 60 80 100
SoC (%)
| I 11 W4 Vv

0 0.25 0.5 0.75 1
Avlink (p.u)
1 A D E F G
0.8
0.6
= 04t
0.2
O L 1 1 L 1 1 L 1
-1 -0.75 -0.5 -0.25 0 0.25 05 0.75 1

iL_fuZZy (p.u.)

FIGURE 6. Membership functions from top to bottom: SoC (%) as input,
Avjink (P-u.) as input, ij gz, (p-u.) as output.

TABLE 4. Gaussian Membership of Ay,

Mo
1 11 il v \Y
o (pu) | 2 2 2 2 2
c(pu) | 0] 025 1] 05| 0.75 1

Notably, to effectively represent the BESS unit in a partially
discharged and almost charged state, the linguistic variables
“2” and “4” are characterized by large standard deviations
(15%).

Examining the input Awvyk, its parameters are defined in
Table 4 and illustrated in the second graph in Fig. 6. Each
membership function p, is evenly spaced in p.u.: O p.u. for
“I,” 0.25 p.u. for “IL,” 0.5 p.u. for “III,” 0.75 p.u. for “IV,” and
1 p.u. for “V,” In addition, since the load connected to the dc
link has a direct proportionality to its voltage, the parameter
o is empirically set to a constant value of 2 V for optimal
adjustment.
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TABLE 5. Gaussian Membership of i; ¢,y

HiL
A B C D E F G
o (pu.) | 0.03 0.1 0.03 | 0.1 | 0.03 | 0.1 | 0.03
c (p.u) —1 —-0.8 | —0.5 0 0.5 0.8 1

TABLE 6. Rules to Design the Fuzzy-Based Method

Aujink
SoC I 1I 111 1A% \Y
1 D B A A A
2 E E A A A
3 G F D B A
4 G G G C C
5 G G G F D

Finally, the output membership for i;_gy,,y has its parame-
ters defined in Table 5 and is shown at the bottom of Fig. 6. In
this representation, the mean c¢ is not proportionally spaced,
aiming to reduce the time of SoC balance. Based on the
designer’s empirical adjustment, the linguistic variables “A,”
“C,)” “E,” and “G” are selected with a standard deviation of
0.03 p.u, implying a slight deviation to expedite the equaliza-
tion process. Meanwhile, “B,” “D,” and “F” are assigned a o
value of 0.1 p.u. to facilitate smooth transitions between the
membership functions, where o is set at 0.03 p.u.

Thus, the fuzzy membership functions are determined in
Fig. 6, using SoC and Avjpk as inputs and generating the
current reference iy, fy,7y as an output. Initially, the measured
SoC and Avwvjnk (Where Avw, is used for CBC and Awvcs for
CBB) are transformed into fuzzy variables by the fuzzifiers.

Subsequently, psoc and p, are derived from the mem-
bership functions. These values are then processed within
a Mamdani’s fuzzy inference system, considering the fuzzy
rules in Table 6. As aresult, the aggregated fuzzy set of if_fuzzy
is obtained and will later be defuzzified to determine the
numerical value of i;_gy,,y using the center of gravity method.

Taking into account the membership functions, while the
triangular shape is widely used for designing fuzzy con-
trollers, Gaussian functions have been utilized due to their
smoothness, compact notation, and suitability for engineering
measurements [37], [38]. As a result, the equalization pro-
cess occurs gradually, enhancing the overall reliability of the
redundancy-based dc MG.

Fig. 7 presents scenarios involving pairs of BESS units
operating in the simplified dc MG from Fig. 3, with slight
differences in SoC—for example, SoC; = 10% and SoC, =
0%—allowing for a detailed evaluation of the EMS strategy.
Specifically, as follows:

1) in Fig. 7(a), the SoC values are set to SoC; = 10% and

SoCy = 0%;

2) in Fig. 7(b), to SoC; = 90% and SoC; = 100%;

3) in Fig. 7(c), to SoC; = 50% and SoC, = 40%.

In the simulation, the BESS current i, was obtained by
multiplying the current reference i7,_fuzzy by the nominal cur-
rent of the BESS units (5 A). The dc-link voltage range was
set from 200 to 220 V, with v, = 200 V. The gain Ha,
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FIGURE 7. BESS current generated by the Fuzzy-based EMS for different SoC pairings between two BESS units in a simplified DC MG. Each subfigure
illustrates the current sharing behavior (i,,; and ipat;) and DC-link voltage (vj;,x) response for a distinct SoC levels of BESS1 and BESS2: (a) SoC; = 10%,
SoC; = 0%, (b) SoC; = 90%, SoC, = 100%, and (c) SoC; = 50%, SoC, = 40%.
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FIGURE 8. Surface generated by the fuzzy-based EMS: current reference
ilfmy (expressed in p.u.) as a function of SoC and DC-link voltage

deviation Auvj,, (also expressed in p.u.).

was applied to the voltage deviation Avjjk (expressed in p.u.)
provided by the fuzzy-based method.

Thus, Fig. 7 illustrates the current behavior in response to
dc load variations that produce 5 V steps at the dc link. It is
observed that, at the operating boundaries, the currents from
the BESS units tend to converge to similar values. Specifi-
cally, under high load demand, the BESS units supply their
maximum discharge current according to their respective SoC
levels (i.e., if the SoC is low, the current tends to zero). In
contrast, under low load demand, the BESS units receive their
maximum charging current, also depending on the SoC (i.e., if
the units are already fully charged, the current tends to zero).

3) FUZZY-BASED METHOD IMPLEMENTATION

Aiming at CBC, the current iz _fy,,y is obtained from Fuzzy
1 with SoC; and Aw, as inputs, while 773 g,y is calculated
by Fuzzy 2 with SoC, and Awv, as inputs. As for CBB, the
currents irs_fuzzy and ire fuzzy are obtained by using SoC
and Avcs via Fuzzy 3 and by employing SoC, and Avcs for
Fuzzy 4, respectively. In addition, it is important emphasize
that there are high-pass filters that process both currents on
CBC to alleviate the load variation on the main dc-link, in
contrast to CBB where B2B equalization is employed, as
shown in Fig. 2.
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Therefore, Fig. 8 depicts the 3-D surface generated by the
fuzzy-based method to define the reference if_uzzy, accord-
ing to Avjjpx and SoC. In this context, Avjyk is indicated
within the interval [0 to 1] (represented as p.u.) and SoC is
represented within the range of [0% to 100%]. Later, Fig. 9
presents different slices from the surface in Fig. 8, considering
SoC as function of ij, fy;,y and a constant Avjjyk. Thus, in
Fig. 9(a), the current reference represents the discharge of
the BESS units when the main dc-link is under high demand
(Aviipk = 0 p.u.), while Fig. 9(b) indicates the current ref-
erence with half demand on the dc link (Avj,x = 0.5 p.u.).
In addition, Fig. 9(c) presents the current reference with the
BESS units being charged due to the absence of load on
the dc link (Avjjpx = 0 p.u.). Thus, the fuzzy-based method
encompasses the voltage variation on the dc link to define the
current reference for the inductances.

Finally, the fuzzy-based method is able to equalize the
BESS units in the redundancy-based dc MG, providing power
in steady-state conditions while also preventing stress on the
FC by allowing the BESS units to compensate for transients.
First, the surface shown in Fig. 8 is discretized, and then
linear interpolation is applied between the discretized points
to implement the strategy in both HIL experimental results
and simulation. Since the Avjp was discretized in steps of
0.5 V and the SoC in steps of 0.5%, this discretization had no
significant impact on EMS performance.

4) CBB FUNCTIONALITIES

The CBB is an additional module that can operate with the
B2B equalization, i.e., there is no load connected to the sec-
ondary bus on C3. Moreover, in this equalization process,
Fuzzy 3 and Fuzzy 4 receive the inputs Avcs (after being
processed through the voltage gain to become it expressed in
p.u.) along with the SoCs of the BESS units. Subsequently,
ir5_tuzzy and ipe fuzzy are generated and processed through
the current gain to produce the current references iys rof and

iL6_ref-
Although in the ideal case (neglecting resistive losses) the
relation iy 5 = —izg holds, the both inductances (L5 and Lg)

must receive the fuzzy-based method to define the equilibrium
point of Awvcs according to irs ref and irg rer, Which will
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FIGURE 9. 2-D projections of the fuzzy-based EMS output i,_fuuy as a function of SoC, for three fixed values of Avj;,. (a) 0 p.u. (b) 0.5 p.u. (c) 1 p.u.

determine the value of vc3, as summarized in the following

5SOC17¢.})1, SOC] SOC2 5SOC27C],1,

equation: 4 4 4 4
d BESS1 BESS2
ir_fuzzy(SOC1, Aves)Mimax = — i fuzzy(SOC2, Aves ) imax- st iparr Hpar LS
- - BESSI p oo oo BESSI 4
L el L el
L5_ref L6_ref ©) o > a0 ] [0 Je-f- .
Furthermore, in the event of maintenance or failure in Cuk1 v M :
. o« ele . BESS] 5SOC1 cbe 5SOC2 che BESS]
or Cuk2, with the EMS prioritizing the soperation on CBC and _che - - che

the supply of load on the main dc-link, the B2B equalization
ceases, and the power flow from the damaged dc—dc converter
can be redirected through the CBB. Consequently, the voltage
on the main dc-link remains stable, as well as the current from
the BESS units.

In conclusion, the resilience of the redundancy-based dc
MG is significantly improved with the auxiliary module CBB.
This is because the B2B equalization mode occurs without
taking into account the dc load demanded on the main dc-link.
In addition, the redundant module is also important when
there is a failure in Cukl or Cuk2. This is crucial for redi-
recting the power flow from the damaged device to the CBB
and ensuring the provision of power from the BESS units to
the main dc-link.

5) BESS UNITS WITH DIFFERENT CAPACITIES

Since the fuzzy-based current references are defined in p.u.,
if BESS1 and BESS2 have different capacities, it is only
necessary to multiply the p.u. current reference by a propor-
tional scaling factor. This applies to the CBC control path. In
the case of the CBB converter, which operates under a B2B
strategy, a similar scaling approach is applied.

For example, consider two BESS units, one rated at 60 Ah

and the other at 120 Ah.

1) For BESSI (60 Ah) and CBC: iri fuzzy - ILmax, Where
i1 _fuzzy 1S the p.u. reference and Ipmax is the current
gain.

2) For BESS2 (120 Ah) and CBC: i13_fuzzy - 2l max, Where
the gain is doubled to reflect the higher capacity.

3) For BESS1 and CBB: iLS_fuzzy 'ILmax-

4) For BESS2 and CBB: i1 _fuzzy - ILmax-

At first glance, it may seem that BESS2 receives a propor-

tionally smaller B2B current compared to CBC (since if6_fuzzy
is not scaled by a factor of 2). However, this interpretation can
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FIGURE 10. Decomposition of BESS units. Each BESS unit is virtually
divided into BESS_cbc and BESS_cbb.

be clarified using the SoC estimation expression

1 t
ir(t)dr
Chat fto

where i7 (7) is the inductor current at time 7 and considering
the SoC tracking for each BESS unit

8SoC = —

(10)

SoCi = SoCi(tp) + 8SoCy_che + 6S0Cy chb
SoCy = SoCa(tp) 4+ §S0Cs che + 6S0Co_chp

Y
(12)

where 6S0C; cpe and 6SoCy cpp represent the SoC contri-
butions from the CBC and CBB converters, respectively.
Although the SoC inputs used in the EMS are SoC; (in Fuzzy
1 and Fuzzy 3) and SoC; (in Fuzzy 2 and Fuzzy 4), the indi-
vidual SoC variations are determined by the inductor currents,
as illustrated in Fig. 10.

1) For SoCy: ir; contributes to §SoCy cpe, and iz5 con-

tributes to 6SoCy_cpb.

2) For SoCy: ir3 contributes to §SoCy cpe, and izg con-

tributes to §SoCs_cpp.-

Since the B2B equalization strategy operates with i;s ~
—ire, it follows that SoCy_cpp ~ —8S0Cy cpp. Meanwhile,
the fuzzy-based method designed for the CBC must track iy
and iz 3 to complement SoC balancing for BESS1 and BESS2,
even when they have different capacities.

Therefore, the system behaves as if it monitors four distinct
8SoC values. The fuzzy-based method then independently
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FIGURE 11. Comparison among fuzzy-based method for SoC balancing.
(a) With SoC-based droop. (b) Without droop control.

generates specific current references for each virtual SoC, en-
abling precise equalization despite the asymmetric capacities
of the BESS units.

6) COMPARISON AMONG FUZZY-BASED METHOD FOR SOC
BALANCING

The proposed fuzzy-based approach operates as a current-
source-based method, distinguishing it from other fuzzy-
based methodologies that provide a virtual resistance as a
parameter for droop control. Thus, Fig. 11(a) represents a
methodology defined by [21], while Fig. 11(b) is discussed
by [16] and modified for the proposed redundancy-based dc
MG.

In Fig. 11, it represents the current reference for the
BESS, while iggss denotes the measured current, highlight-
ing differences in control structure between the approaches.
Taking into account the example of SoC-based droop, 7y is
the virtual resistance obtained from the fuzzy-based method.

Thus, in terms of implementation, while the common strategy
described by [21] employs a PI controller for voltage and
current control, the proposed approach is easier to implement
as it does not depend on droop characteristics and allows B2B
equalization without a load tied to the dc link.

V. STABILITY ANALYSIS

The stability analysis was performed using the infinity norm
Hy and the Lyapunov’s indirect method [39]. First, based on
the calculations from [39] and [12], each power converter is
modeled separately, considering its parameters and parasitic
losses to capture its average steady-state behavior. Then, all
power converters are coupled through the main dc-link volt-
age to form the average model of the redundancy-based dc
MG. This model also incorporates the inner control loops of
the converters and the EMS as the outer loop. The average
model includes the fuzzy-based method, the droop controller
(including voltage variation), the slow transient response of
the FC, the fast response of the BESS units, and the relevant
control parameters, as indicated in (13), with (14) shown at
the bottom of this page, representing the interaction between
the CBC and the FC boost converter in the main dc-link v,,
with parameters specified in the Appendix.

As proposed by [16], the performance of the stability anal-
ysis is achieved by approximating the fuzzy surface using the
Fourier series for i;,_fy;,y(SoC) when the dc-link is constant
(vo and v¢3), while it involves iy, fuzzy (Vo) and iy _fuz,y(ve3) for
constant SoC. Therefore, the closed-loop performance with
the infinity norm Hy, as well as the movement of eigenval-
ues using Lyapunov’s indirect method, is obtained from the
average redundancy-based dc MG

A. EVALUATION OF CLOSED-LOOP PERFORMANCE USING
THE INFINITY NORM

The infinity norm Hy, is utilized to assess the performance
of the redundancy-based dc MG, particularly evaluating the

[ Vo ] dCcoupled
x;lx:iQ) Acea(ky, ko, k3, k4)(1:9,1:10)xred + Brea(ky, ko, ks, k4)(1:9,1:2)ured
éir1 2ir1_tuzzylimax — iL1_ref — IL1
H 1 . .
IL1_ref ULmaxiL1_fuzzy — L1 _ref]
éir3 2iL?»_fuzzyILmax - iL3_ref —ir3
: 1 . .
U3 ref | = ;[ILmale3_fuzzy — 113 _ref] (13)
éiLs iL5_ref — IL5
éiL6 ir6_ref — IL6
. (1:2) (1,1:2) (1,1:2) (1,1) (1,1
X (AfCIO + keeA e + By + kB ) v
. efe ifc_ref - ifc
: 1 . .
| e ref | L ;[Ifcmaxlfc_droop — Ifc_ref] |
10,1:10 10,1:10
decoupted = (Arealki, k2, k3, ka)' ) Xred + (Brea(ky, ko, k3, ka)' ) treq
(2,1:2) (2,1:2) @.1) @2,1) v
T (AfCO + kA )xfc - (cho + ke By )“fc - (_R,,(d) : (14)
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dc-link voltage v,, the inductances current iy, ir3, ir5, and
ire and FC current ipc with respect to the load current i,. To
begin, the state-space is represented in the following equation:

(1:9) . .
Xmg = Vo, X » €iL1, LL1_ref> €iL35 L3 refs €iL55 - - -
red (15)

(1:2) .
» €iL6s X, s Cifc, lfcfrefil .

Later, the state-space model matrix A, is obtained from
(13), as indicated in (16), with m representing the number of
state-space variables

ofle  ofly . 9flx
x| 0xp 0xpn
0f2  Af% . dfs
x| axp 0xm
Apg = ) (16)
dfny dfny afny
x| ax X

Following this, By, is determined by applying the Jacobian
matrix to the input vector umg = [Upal, Va2, Vfes lo], as de-
tailed in (17), with £ = 4 (the total number of system inputs)

afle  Afle . AflLy

3u1 3u2 Buk

af2e A2 %

duy dup duy
Bmg=| . (17)

afne  dfne . Afna

3u1 3u2 3Mk
Moreover, the output vector Ymg = lir1, i3, s, ir6s - - -,

ife, Vo] 1s represented in the following equation:

Ymg = E mgXmg + Dinglimg. (18)

To achieve the desired output matrix E g, it is designed to
be mostly zero, with elements set to 1 to identify the state-
space variables that define the output vector y,,.

The feedforward matrix Dy, is a zero matrix of dimensions
k x j, where j denotes the number of outputs. A transfer func-
tion matrix, which represents the entire redundancy-based dc
MG, can be derived from the state-space matrices. Therefore,
the response H (s) of the inductance currents iy 1, iz3, irs, and
ire, the FC current ipc, and the dc-link voltage v, (which
correspond to the first through sixth inputs) with respect to the
load current i, (the sixth output) should align with the transfer
function found in rows 1 through 6 and column 6.

Finally, the infinity norm is defined as [[H(s)|co =
sup,cr I|H(jw)||, with H(jw) denoting the system’s fre-
quency response at frequency o, | - || representing the mag-
nitude, and the supremum being the maximum magnitude of
the transfer function’s frequency response over all possible
frequencies.

1) INFINITY NORM RESPONSE FROM THE
REDUNDANCY-BASED DC MG WITH B2B EQUALIZATION IN
THE CBB

In this case, normal operation of the redundancy-based dc MG
was considered, with B2B equalization performed through
the CBB. The infinity norm from the parameters iy, ir3, irs,
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TABLE 7. Norm Values for the Transfer Functions: Normal Operation of the
Redundancy-Based DC MG

Expression | Norm Value
B
[l T 37331
[ ijf)) || 0025
[T | o054
Bz (;)) lloo 6.9569
138, 12.2311

TABLE 8. Norm Values for the Transfer Functions: Power Flow Redirection
From CBC to the CBB

Expression

Norm Value

qu(S) H

io(s)

1.0451

H1L3(9) H

io(s

65.5999

o

25.8175

H1L6(5> H

io(s)

25.9606

e ()
[Fmod™

io(S)

4.1187

152053 o

17.4194

ir6, ife, and v, over the current load i, is defined in Table 7,
with BESS units having SoC; = 90% and SoC; = 10%. In
this context, it is noted that the system maintains stability;
however, robustness is not guaranteed with the infinity norm
for iy, i3, ife, and v, (J|H(s)|lsc > 1) because it depends on
the Piyaq applied in the dc link.

2) INFINITY NORM RESPONSE FROM THE
REDUNDANCY-BASED DC MG WITH POWER FLOW
REDIRECTION TO THE CBB

In this scenario, the infinity norm is evaluated under a fault
condition in the Cuk1 converter of the CBC, which triggers a
power flow redirection to the CBB. The infinity norm values
for the parameters iy, ir3, irs, iL6, ifc, and v,, relative to the
output current #,, are presented in Table 8, considering BESS
units with SoC; = 90% and SoC, = 70%.

Unlike the case with B2B equalization in the CBB—where
robustness is maintained—the current scenario does not en-
sure robustness for iz 1, ir3, ifc, Vo, and the CBB parameters i s
and iz, as indicated by ||H(s)|lcc > 1. This outcome depends
on the applied load power Py, at the dc link. Moreover, due
to the power flow redirection, the performance of the CBB is
also affected by variations in the dc load.

Section V-B employs Lyapunov’s indirect method to further
investigate how Pjo,q influences the maximum power capabil-
ity of the redundancy-based dc MG.

B. LYAPUNOV'S INDIRECT METHOD

By applying the Jacobian matrix in (13), the movement of
the eigenvalues is obtained. The analysis considers two cases:
1) ASoC = SoC; — SoC, — 0, with dc load variation on the
main dc-link; and 2) the size of the redundancy-based dc MG
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FIGURE 12. max(Re(};)) as a function of the maximum power from BESS
units (Pgess1 + Psess2) and FC (Py).

by varying the maximum power from the BESS units and FC,
with constant SoC and dc load.

1) EVALUATING SOC BALANCING WITH STEPS OF LOAD ON
THE DC LINK

In this case, SoC balancing is analyzed with steps of load
in the main dc-link. The maximum real part of the eigenval-
ues [max(Re(A;))] varies according to ASoC(%) (with initial
values set as SoC; = 20% and SoC, = 80%) and Piy,q, as
indicated in Fig. 12. During this procedure, the initial value
of Ploaq 1s set to 100 W, and increments of 50 W are applied
until it reaches 900 W. Then, the redundancy-based dc MG
is maintained stable as long as Pjoag < 880 W, due to the
max(Re(2;)) displaying values lower than O (left-side of the
complex-plan).

2) SIZE OF REDUNDANCY-BASED DC MG: POWER VARIATION
IN THE BESS UNITS AND FC

From this analysis, the maximum power delivered from the
BESS units (Pggssi + Pgessi) and FC (Py.) is varied to deter-
mine their influence on the redundancy-based dc MG. Thus,
the range for Pggssi + Peess: 1S [0 W, 500 W], while the
P is [0 W, 1,000 W], with the power on the main dc-
link and the initial SoCs set as constant (Py,qg = 200 W and
SoC; = 90% and SoC, = 10%). As a result, when the power
demanded by the load and Pggss» (because BESS2 should be
charged) exceeds the power delivered by BESS1 and FC, the
redundancy-based dc MG experiences unstable operation, be-
cause max(Re(};)) is higher than zero, as indicated in Fig. 13.

3) OPERATION WITH B2B EQUALIZATION IN THE CBB

With BESS units operating at lower SoC levels (SoC; = 50%,
SoCy = 20%), this scenario evaluates system behavior with
the B2B active in CBB as Pjy,q increases from 50 to 900 W.
Fig. 14 presents the eigenvalue trajectories based on the state
variables ir 1, iro, vci, iL3, irL4, and vea. Finally, it is observed
that the signs of instability appear in the eigenvalues associ-
ated with iz and i;p when Po,q > 880 W.

VOLUME 6, 2025

SoC=90% 400
SoCr=10%

max(Re(/\’))

PBESSZ W)
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FIGURE 14. Trajectory of the most influential eigenvalues in the complex
plane for constant SoC conditions (SoC; = 50%, SoC, = 20%).

4) OPERATION WITH POWER FLOW REDIRECTION TO THE
CBB

Under constant SoC conditions (SoC; = 90%, SoC, = 70%),
this scenario analyzes the system behavior with the B2B dis-
abled because the power is redirected from Cukl to the CBB,
as Py,q varies from 50 to 900 W. Fig. 15 shows the eigenvalue
trajectories derived from iy, ir2, vc1, ir3, ira, and vea, where
the instability is observed only in the eigenvalues of i;; when
Pioag > 900 W.

VI. EXPERIMENTAL RESULTS

The prototype from which the experimental results were
obtained is made possible through the interaction between
SpeedGoat, where the redundancy-based dc MG is con-
structed, and dSPACE, which is responsible for the control
algorithms, as indicated in Fig. 16. Furthermore, Table 9
presents the parameters for the complete redundancy-based dc
MG, including the parasitic losses of the inductances, semi-
conductors, and capacitances associated with the redundancy-
based dc—dc converter. In addition, it includes the previously
unlisted losses of the boost converter, namely the diode (rp¢.),
inductor (rz¢.), and semiconductor switch (rgg).
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FIGURE 15. Trajectory of the most influential eigenvalues in the complex
plane under constant SoC conditions (SoC; = 90%, SoC, = 70%),
considering a failure in Cuk1 within the CBC and a power flow redirection
through the CBB.

dSPACE: EMS and PI controllers

dSPACE

input: read 4 output:
PWM signals
measurements AL
output: input: PWM
measurements v signals
Ispeedgoat]

speedgoat: redundancy-based dc
MG operation in real-time

speedgoat

FIGURE 16. Experimental setup: interaction between SpeedGoat and
dSPACE.

TABLE 9. Redundancy-Based DC MG Parameters

Component Values
Inductances (L to Le, Ly.) | 4.8 mH
Capacitors C'1, Co 130 uF
Capacitors C3, C, 470 uF

Parasitic Losses
rr1 0 rLe,s Trfe 150 mQ2
rS51 0 154, TGy 10 TGy 30 m2
TStc » TDfe » TC1> TC2 30 mQ2
re3, TCO 150 mQ2

In addition, the switching frequency is set to 10 kHz. FC
has a rated power of 1 kW and a maximum current of 20 A,
based on parameters similar to the H-1000 FC from Horizon
Technologies. The BESS unit is composed of a Li-Po battery
pack and has a rated capacity of 60 Ah and a nominal voltage
of 36 V, with a maximum charge/discharge current of 10 A.
Regarding the voltage range, —v, is defined within [200 V
to 220 V], vcs is specified as [100 V to 120 V], with the
maximum allowable variations of Av, and Avc3 being 20 V.
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FIGURE 17. SoC equalization considering the B2B equalization, followed
by a failure in Cuk1 at 19 s.

A. RELIABILITY UNDER B2B EQUALIZATION

This section assesses the performance of B2B equalization
under two fault scenarios: i)a failure in a single Cuk con-
verter (Cukl), and ii)failures in both Cuk converters (Cukl
and Cuk2).

1) SINGLE FAILURE IN THE REDUNDANCY-BASED DC MG
For this experimental test, the BESS units have initial values
as SoC; = 10% and SoC, = 84%, with their capacities de-
creased by a factor of 2400 to speed up the elapsed time to
perform the SoC equalization. In this context, Fig. 17 indi-
cates the steps of load AP,q(~ 200 W), the main dc-link
voltage —v,, vc3, FC and BESS currents ig., ipac1, and ipy,
the inductance currents iy, i3, ir5, and iz and SoCs (SoCy
and So(C»).

In this test, SoC equalization is achieved around 17 s after
the initial operation in the experimental results. Later, a failure
occurs in the redundancy-based dc MG, specifically in Cukl
at 19 s, causing iz to drop to zero. Consequently, the power
flow from the malfunctioning dc—dc converter is redirected to
the CBB, stabilizing the main dc-link voltage v, . From 0 to
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19 s, the CBB operates in B2B equalization mode; however,
after the failure, this mode is stopped as the CBB receives
the power flow previously handled by Cukl. As a result, vc3
decreases until it reaches approximately twice the voltage of
the BESS unit.

During the load changes on the main dc-link, the FC un-
dergoes smooth variations to protect and prevent damage to
its membranes. Meanwhile, the BESS units are responsible
for compensating and absorbing load transients, even after
the failure of Cukl. Finally, reliability is demonstrated both
during the initial operation (from 0 to 19 s) in B2B equal-
ization mode and after the failure, with the CBB designed
to redirect power flow, ensuring that the dc-link voltage v,
remains stable, along with the BESS unit currents i, and
Ibat2-

2) DOUBLE FAILURE IN THE REDUNDANCY-BASED DC MG
In this scenario, the initial SoC values are SoC; = 50% for
BESS1 and SoC, = 90% for BESS2. To accelerate the SoC
equalization process, the storage capacities of both units are
artificially reduced by a factor of 4800. Under these con-
ditions, Fig. 18 presents several key parameters: the load
variation APjoaq(® 350 W), the main dc-link voltage —v,, the
capacitor voltage vcs, the currents from the FC and BESS
units (if¢, ipal> and ipy), the inductor currents (ir1, ir3, ir5,
and iz¢), and the performance of the SoC levels for both BESS
units (SoC; and SoC,).

In this experiment, SoC equalization begins simultaneously
in CBC and CBB using B2B equalization. At 7 s, a failure
occurs in Cuk?2, interrupting the B2B equalization process in
CBB. Consequently, power is redirected from BESS2 to CBB,
flowing through inductors Lg and Ls and being processed by
Cukl1, which results in an increase in the inductor current iy ;.
This redirection causes slight variations in the BESS currents,
though these changes are not significant, and the dc-link volt-
age remains stable.

At 9.2 s, a second failure takes place, now in Cukl. As
a result, with both Cuk converters in CBC out of operation,
power redirection becomes unfeasible. The system then re-
turns to B2B equalization in CBB, and the redundancy-based
dc MG sustains the de-link voltage exclusively through the
FC, constrained by its maximum power capacity. At 12.5 s,
CBC resumes full operation with the restoration of Cukl and
Cuk2, allowing the redundancy-based dc MG to return to
its complete configuration. The SoC equalization process is
finalized around 24 s.

During this sequence, several key events are observed in
Fig. 18:

i) the capacitor voltage vc3 drops from approximately
110 to 85 V due to the loss of B2B equalization and
the initiation of power redirection in CBB;

ii) the current iy | increases because it receives power from
CBB while there is no current contribution from Cuk2
(ir3 = 0);

iii) both i;; and i;3 fall to zero during the simultaneous

failure of Cukl and Cuk2 in CBC;
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FIGURE 18. SoC equalization considering B2B equalization, followed by a
failure in Cuk1 at 7.2 s and simultaneous failures in Cuk1 and Cuk2 at
9.2 s.

iv) CBB initially performs B2B equalization;

v) CBB then transitions to power redirection, transferring
energy from BESS2 to BESS1;

vi) B2B equalization resumes, with the capacitor voltage
vc3 returning to its nominal value of approximately
110V.

B. EQUALIZATION WITH BESS HAVING DIFFERENT
CAPACITIES

In this experiment, BESS2 is configured with twice capacity
of BESS1-that is, 120 Ah for BESS2 and 60 Ah for BESS1.
In addition, the initial SoC values are set to SoC; = 90%
for BESS1 and SoC; = 10% for BESS2. In this context, to
speed-up the SoC equalization process, both units have their
capacities scaled down by a factor of 2400. Under these
conditions, Fig. 19 illustrates the system’s dynamic behavior,
including the load steps APjp,q (= 350 W) operating at a high
switching frequency (= 30 kHz), the main dc-link voltage
—1,, the capacitor voltage vcs, the currents from the FC and
the BESS units (igc, ipat1, and ipa ), the inductor currents (iz 1,
ir3,ir5,and irg), and the SoC behavior leading to equalization.
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FIGURE 19. Redundancy-based dc MG operation with unequal BESS
capacities (BESS1: 120 Ah; BESS2: 60 Ah) and high-frequency load steps (~
30 kHz) at the main dc-link with ~ 350 W variations.

In this case, the scenario involving high frequency load
steps does not affect the operation of the redundancy-based
dc MG. This happens because the dc-link capacitor works as
a low-pass filter, absorbing the high-frequency components of
the load current and preventing them from propagating back
to the converter output, the BESS units, or the FC.

In addition, the integration of BESS units with different
capacities is supported by the EMS, as all inductor cur-
rent references are provided in p.u. Specifically in the CBC,
BESS1-which has twice the capacity of BESS2-must deliver a
current reference for iy that is twice the magnitude of the ref-
erence for iz 3. This ensures a proportional energy contribution
according to capacity. Furthermore, in the CBB stage, which
operates using B2B equalization, it is required that iz 5 and iz
maintain equal values, since bidirectional balancing requires
a symmetric current flow between the units. Regardless of
these conditions, the system functions effectively with four
distinct §SoC values, as detailed in Section IV-C5, allowing
SoC equalization within the redundancy-based dc MG.

This behavior is evident in Fig. 19, where iy clearly
exhibits higher magnitude values compared to iz3 during the
initial interval (0 to 15 s), with i;3 remaining near zero while
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method.

ir1 shows a significant deviation from the zero axis. In par-
allel, the B2B equalization proceeds as expected, with the
waveforms of i; 5 and ir¢ confirming balanced current sharing.
As a result, the SoC equalization is completed at approxi-
mately 17 s. Therefore, although the redundancy-based dc
MG is structurally symmetrical, it is capable of achieving ef-
fective SoC balancing even when the BESS units have unequal
capacities.

C. COMPARISON WITH OTHER STRATEGIES

Since most of the research in the literature evaluates SoC
equalization by considering the SoC-based adaptive droop, the
authors have applied the approaches proposed in [9] and [11]
to compare them with the fuzzy-based method. Consequently,
this SoC-based method is well-suited for B2B equalization
because the rated voltage vcz can be adjusted even in the
absence of a load connection.

The comparison is made using initial values of SoC; =
88% and SoC, = 60%, with load steps of 250 W applied to
the dc link (APpaq). The fuzzy-based method is shown in
Fig. 20, while the SoC-based adaptive droop approach is illus-
trated in Fig. 21 (from [9]) and Fig. 22 (from [11]). Consider-
ing the performance comparison with the SoC-based adaptive
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FIGURE 21. Comparison among the EMS (experimental tests): SoC-based
droop from [9].

droop, Fig. 23 presents the value of ASoC (SoC;-SoC) at
each 2 s time step, while Fig. 24 shows ASoC versus the
equalization time. Overall, the proposed fuzzy-based method
achieved an equalization time reduction of approximately
46% compared to [9] and 33% compared to [11].

Thus, although the strategies exhibit similar behavior, the
fuzzy-based method performs more effectively, as illustrated
in events (i), (ii), and (iii) in Figs. 20, 21, and 22. In event (i),
irc provides more power in Fig. 20, and the B2B equalization
is more effective (with higher current levels) through i;5 and
ir6, as indicated in event (ii). As a result, BESS1 and BESS2
achieve SoC equalization earlier in the proposed method, as
illustrated in event (iii).

In addition, regarding the comparison with the SoC-based
adaptive droop shown in Fig. 21, its behavior presents greater
similarity with that of the fuzzy-based method. However,
as shown in Fig. 23, the proposed fuzzy-based method re-
duces the ASoC more quickly during the equalization process.
Furthermore, in comparison with Fig. 22, the main dc-link
voltage (—v,) exhibits significant spikes under load steps,
and vc3 fails to remain stable during B2B equalization for
this approach. Thus, the fuzzy-based method demonstrates
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FIGURE 22. Comparison among the EMS (experimental tests): SoC-based
droop from [11].
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FIGURE 23. Comparison with other methodologies: the value of ASoC for
each 2 s of step time.

superior performance compared to the methods evaluated
from the literature.

VIil. CONCLUSION

This article proposes a fuzzy-based method to balance the
BESS units operating in a redundancy-based dc MG without
SoC-based droop, while the FC receives a droop controller.
The redundancy-based mode is formed by the connection
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FIGURE 24. Comparison with other methodologies: ASoC versus time of
equalization.

between CBC and CBB, sharing two BESS units in each
input, while another boost converter interfaces the FC. Re-
garding the coordination among sources, the BESS units can
provide power according to the demand on the main dc-link
from CBC and also compensate for transients when there
are load steps. In addition, the redundant module CBB plays
a significant role in increasing reliability with B2B equal-
ization and redirecting power flow if one of the Cuks is
damaged.

First, the proposed configuration is presented, followed by
the design of the fuzzy-based method and the droop controller.
Subsequently, the Lyapunov’s indirect method is employed
to prove the stability of the proposed approach, which in-
corporates the fuzzy-based method approximation using a
Fourier series. For the HIL implementation, the surface was
discretized into points, and a linear interpolation scheme was
developed for EMS execution. The EMS operation is then
validated, demonstrating SoC equalization, load compensa-
tion by the BESS units, and fault tolerance during various
scenarios, including a single failure in the Cuk converter, a
double failure in the CBC converter, BESS units with different
capacities, and the operation of the redundancy-based dc MG
under high-frequency load switching. In the end, a compar-
ison with the SoC-based adaptive droop control approaches
from [9] and [11] confirms that the proposed method is sig-
nificantly more efficient in operating the redundancy-based
de MG.

The generation of current references using the fuzzy-based
EMS does not introduce any scalability issues, as each fuzzy
controller is designed locally for its respective CBC or CBB
module. This modular structure allows the approach to scale
with additional BESS units without increasing the complexity
of the fuzzy rule base. However, scalability challenges would
arise at the system level due to increased complexity in con-
troller coordination and the effort required for comprehensive
stability analysis of the entire system.

Finally, it is important to note that this study considers ideal
interconnections between BESS units and converters, without
accounting for cable impedance. Thus, as future work, the
integration of impedance-aware control strategies or virtual
impedance compensation mechanisms will be explored to en-
hance the MG implementations.
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APPENDIX
NOMENCLATURE FROM THE REDUNDANCY-BASED DC
MG MODEL
Xrd: state vector of redundancy-based topology with
liy ir2 ver i3 ira ver irs ire ves ol

éiLl’ é,‘L3, éiLS, éiL6’ and éfcl current error é,’L = iL_ref — iL
and ege = ifc_ref — ife-

uq and uyg.: input vectors of the redundancy-based topol-
ogy and boost converter of FC defined as [vpy1  Upar2 v,

and [foT].

Xg.: state vector from FC defined as [if. vo]T.

Aed(ky, ky, k3, kq): state space from the redundancy-based
topology as a function of the PWM duty cycles ki, k2, k3,
and k4. The matrix indices (1:9,1:10) neglect the parameters
related to v,, while (10,1:10) consider them.

B,eq(ky, ko, k3, ks): Input matrix with indices (1,1) includes
terms related to the main dc-link voltage, while (2, 1) excludes
them.

Afe = Ao + kpeAger: State-space model of FC. The matrix
indices (1,1:2) take into account the terms related to v,,, while
(2,1:2) exclude them.

By, = By + kf-Bj: Input matrix of the FC with indices
(2, 1) excludes parameters related to v,, while (1, 1) includes
them.

(— R:OC,, ): DC-link coupling between boost converter (FC)
and CBC.
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